Background The effectiveness of simulation-based training of critical care nurses in sterile techniques has not been determined. Objective To evaluate the effectiveness of simulation-based training of critical care nurses to use sterile techniques during central vein catheterization and the effect of such training on infection rates. Methods A prospective controlled study with 12-month observational follow-up to assess the rate of catheter-related bloodstream infections in a 23-bed medical, surgical, neurological critical care unit. Results Forty-six critical care nurses completed assessment and training in sterile technique skills in the simulation laboratory. Performance scores at baseline were poor: median scores in each category ranging from 0 to 2 out of a maximum score of 4 and a median total score of 7 out of a maximum score of 24. After simulation-based training, nurses' median scores in each ST category and their total scores improved significantly, with the median total score increasing to 23 (P < .01; median difference, 15; 95% CI, 14-16). After completion of the simulation-based training intervention, the mean infection rate in the unit was reduced by 85% from 2.61 to 0.4 infections per 1000 catheterdays (P = .02). The incidence rate-ratio derived from the Poisson regression (0.15; 95% CI, 0.03-0.78) indicates an 85% reduction in the incidence of catheter-related bloodstream infections in the unit after the intervention. Conclusion Simulation-based training of critical care nurses in sterile technique is an important component in the strategy to reduce the occurrence of such infections and promote patient safety.
The Centers for Disease Control and Prevention (CDC) have published evidence-based guidelines for the prevention of CRBSIs. 6, 7 The interventions emphasize multidisciplinary efforts and several distinct practices, including training health care providers and using maximum sterile barrier precautions. 6, 7 A key element in these interventions is the role of the critical care nurse, who should assist and monitor the implementation of sterile steps while having the authority to halt procedures when sterile precautions have been breached. This role requires nurses to have excellent knowledge of the individual steps in sterile technique. Yet, the baseline knowledge among critical care nurses (CCNs) in sterile techniques during central vein catheterization (CVC) is currently unknown, and instruction of nurses has not been a focus of educational approaches to prevent CRBSI, with few published studies [8] [9] [10] addressing the effectiveness of training critical care nurses to reduce the rate of CRBSIs while most studies have focused on training of physicians by using various methods.
Patient simulation is emerging as a valuable adjunct to traditional training methods and competence assessment in medical education including CVC. [11] [12] [13] [14] [15] [16] [17] Medical simulation allows repetitive and deliberate practice in a realistic and interactive environment that minimizes risk to patients. The use of audiovisual equipment in medical simulation to record trainees' performance gives valuable feedback and allows trainees to visualize their missteps. 18 At our institution, besides the implementation of standard use of sterile techniques and the use of a procedure checklist during CVC, we implemented simulation-based training in use of sterile techniques during CVC for our physicians-in-training. Our research to date has indicated a wide variation in the skill level of medical residents in the use of sterile techniques. We further observed a decrease in rates of CRBSIs in our medical ICU, where simulationbased training was implemented to train our medical residents in sterile techniques during CVC. 19 We carried out a prospective, controlled investigation to assess (1) baseline skills of CCNs in the use of sterile techniques during CVC and (2) the impact of simulation-based training on the sterile techniques skills of CCNs. In a separate observation, we assessed CRBSIs in our critical care unit (CCU) after the implementation of simulation-based training in sterile techniques for nurses.
Methods

Setting and Participants
We conducted a prospective controlled study with a simulation-based educational intervention at a university-affiliated, 450-bed urban teaching hospital with 23 medical, surgical and neurological CCU beds in May and June 2009. In a separate observation, we examined the rate of CRBSIs during a follow-up period from July 2009 to June 2010 (12 months). The study was approved by the hospital's institutional review board (IRB#07-128). The board waived the requirement for participants to provide informed consent because the simulation-based training protocol was part of an existing departmental policy. The study was performed in a simulation C laboratory designed as an ICU/resuscitation room ( Figure 1 ). All sessions were videotaped.
A Laerdal SimMan full body mannequin (Laerdal Medical) was used to simulate a patient undergoing sterile technique preparation during CVC. Each CCN was asked to select an internal jugular or subclavian CVC approach. The mannequin was placed in a hospital bed and dressed in a standard hospital gown. Simulation laboratory settings were described to each nurse participating in the study before the demonstration of sterile technique preparation during CVC. The nurse was asked to demonstrate the steps in sterile technique preparation during CVC according to usual practice until the step where the needle is inserted. The simulation laboratory has 2 separate areas (training area and control room) divided by a 1-way mirror. Three fixed ceiling-mounted cameras in the training area were used to capture the performances. A fourth maneuverable camera was also used to track and focus on particular actions taken by the nurse. All cameras were controlled from the laboratory's control area, which was not visible to the study nurse. During the debriefing, the recorded videos were played back to the nurses to help them focus on areas for improvement and illustrate various teaching points about proper sterile technique. Figure 2 illustrates enrollment and study flow.
The CCU had 46 CCNs on staff. Forty-two of the 46 CCNs are full-time-equivalent nurses, and the other 4 are part-time nurses. The CCU has no travel nurses. The mean number of years of nursing experience was 12 years (range, 2-20 years). Two new fulltime-equivalent nurses joined the staff during the study period and were trained in the simulation In phase I of this study period, each CCN individually underwent baseline assessment of her or his performance in sterile technique in the simulation laboratory. Two observers scored each nurse from behind a 1-way mirror in the simulation laboratory.
In phase II of this study period, each CCN underwent an individualized debriefing on her or his phase I baseline performance with 1 of 4 designated study investigators. The debriefer reviewed with each nurse the nurse's baseline performance and the video-recorded demonstration in phase I, provided comments on individual steps when appropriate, and provided hands-on training and repetitive practice in sterile technique based on the nurse's performance during phase I. Each debriefing session lasted 30 to 45 minutes.
After completion of simulation-based training, each CCN underwent reassessment of her or his ST skills. Training and reassessment took place in the previously described simulation laboratory. If disagreement between the 2 observers was apparent in either phase I or phase II, the 2 observers reviewed discrepancies and attempted to reach a consensus. If disagreement persisted, a third investigator reviewed the discrepancies and the relevant performance in the taped video and registered a final score. Phases I and II were completed in a period of approximately six weeks (May-June 2009).
Study Outcomes
The primary study outcome was the CCNs' median score in sterile technique. The secondary outcome was the rate of CRBSIs in the CCU.
A commercially available, full-size sterile drape and surgical gown (Kimberly-Clark), sterile gloves (Triflex, Cardinal Health), alcohol-based chlorhexidine 3.15% skin preparation (Chlorascrub Maxi Swabstick), and surgical hats and masks were used in the study and were similar to products used in the CCU.
All study observers who scored CCNs' performance in sterile technique were trained in and practiced in the simulation laboratory. Observers reviewed method of scoring and individual steps on the assessment tool and individually underwent an assessment of their sterile technique skills by using the study assessment tool. A standardized method of scoring was agreed upon among observers at the end of this exercise.
CRBSI Data Collection. In a separate observation, we reviewed CRBSI data. These data were collected monthly by trained, hospital-based infection control practitioners who were not study investigators. The National Healthcare Safety Network's definition 20 was used as the basis for definition of CRBSI. The mean rate of CRBSIs in the medical, surgical, neurological CCU was compared between 12 months before and 12 months after the simulation-based study intervention (May 2008-April 2009 before the intervention and July 2009-June 2010 after the intervention). To determine whether changes in the severity of illness might affect rates of CRBSI, we compared the Acute Physiology and Chronic Health Evaluation (APACHE) II scores of patients admitted to the CCU before and after the study intervention.
Standard Procedures for Prevention of CRBSIs Implemented in the CCU Before This Study Intervention.
At our institution, the CCU is staffed by a multidisciplinary team that includes internal medicine residents, surgery residents, full-time intensivists, and critical care nurses. In the CCU, residents perform all routine CVC procedures. Critical care nurses are required to be present during preparation for CVC. Nurses are required to be present during preparation for central vein catheterization.
Statistical Analysis
The overall performance score for sterile technique, a maximum possible score of 24, consisted of 6 categories with each assigned a minimum score of 0 and a maximum score of 4 points. The interobserver agreement between the 2 observers who scored nurses was measured by the Cohen κ coefficient. 21 The effect of simulation-based training on performance was evaluated by comparing sterile technique scores at baseline (before the intervention) with scores after the intervention by using a Wilcoxon signedrank test. The CRBSI rate was analyzed by fitting a generalized linear model. The likelihood of infection as a function of study period (before vs after the training intervention) was examined by Poisson regression modeling, including the number of catheter-days as an exposure variable. A 2-sample t test was performed to compare mean APACHE II scores in the CCU from before to after the intervention. P values less than .05 were considered statistically significant. All statistical analyses were executed by using SAS 9.1 (SAS Institute Inc).
Results
Effects of Simulation-Based Training on CCNs' Performance Scores
The median scores in each of the 6 sterile technique categories and total scores in study phases I and II are summarized in the Table. A total of 46 CCNs completed phases I and II of this study. Performance scores at baseline among the 46 CCNs were poor, with median scores in each sterile technique category ranging from 0 to 2 out of a maximum possible of 4 and a median total score of 7 out of maximum score of 24. After simulation-based training, CCNs' median sterile technique scores improved significantly in each sterile technique category and in total scores, with the median total score improving to 23 out of maximum score of 24 (P < .01; median difference, 15; 95% CI, [14] [15] [16] . The interobserver agreement between the 2 observers who scored CCNs was 0.99 (95% CI, 0.99-1.00; P < .001). Figure 3 shows the mean rate of CRBSIs over time in the CCU before and after the study intervention. Before the study intervention, there were 2.61 infections per 1000 catheter-days (6 catheter infections in 2297 catheter-days) in the CCU. After study intervention, the mean rate of CRBSIs in the CCU was reduced by 85% to 0.4 per 1000 catheterdays (1 catheter infection in 2514 catheter-days); P = .02. There were 460 new CVCs before the study intervention and 492 new CVCs after the study intervention. None of the CRBSIs before or after the intervention was related to catheters placed in the femoral site or to catheters placed in the emergency department. All CVCs were assisted by a critical care nurse.
CRBSI Results
The incidence rate ratio derived from the Poisson regression (0.15; 95% CI, 0.10-0.91) indicates that the incidence of CRBSI in the CCU was reduced 85% after the training intervention compared with before the intervention. The mean (SD) APACHE II scores in the CCU tended to be higher after the intervention (23.2 [8.4] vs 22.4 [8.2] ), but the difference was not statistically significant (P = .07).
Discussion
The purpose of our investigation was to assess the baseline knowledge of CCNs about the use of sterile techniques during CVC and to determine the effect of simulation-based training on their performance. At the conclusion of the training, we sought to determine the effect of our intervention on the rate of CRBSIs in the CCU. We found that CCNs' baseline knowledge in sterile techniques was poor and improved significantly after simulation-based training in each sterile technique category we assessed and in total scores. Furthermore during the 12-month follow-up period after our intervention started, we were able to demonstrate an 85% reduction in the mean rate of CRBSIs in the CCU. To our knowledge, our study is the first published study to assess baseline performance of ICU nurses in detailed sterile techniques steps and to use simulation-based training before simulation-based training was poor despite their being "credentialed" in the procedure. 19 In our study, the baseline performance of CCNs in use of sterile techniques during CVC was consistent with reported health care providers' compliance rates, ranging from 16% to 81%. [22] [23] [24] What was not investigated before our current study is the baseline skill of CCNs in sterile techniques and what effect simulation-based training would have on their performance in using sterile techniques. We believe that we have shown that simulation-based training is an effective technique for training CCNs in sterile techniques. Furthermore, we believe that this intervention was a key element in the significant reduction in CRBSI rate that we observed during the 12-month follow-up period in our CCU.
Although we did not randomize CCNs to different methods of sterile techniques training, we have shown previously 19 that simulation-based training is superior to traditional training methods including the apprenticeship model (see one, do one, teach one) or video training alone. Several factors make simulation-based training the preferred approach. Simulation-based training addresses several aspects of the learning process. The process breaks down the procedure into all of its parts and then puts together the different components. The chance for learners to see their own performance on video provides a realistic view of their performance. Debriefing based on the video of the participant's to improve their skills successfully while realizing a significant decrease in the rate of CRBSIs in our ICU.
One of the essential tenets of the CDC's published evidence-based recommendations for the prevention of CRBSIs involves training health care providers. 6 Most prior studies 8, 11, 13, 14 have emphasized training physicians in CVC and sterile techniques. However, an important and often overlooked part of the central catheter bundle in many institutions involves empowering CCNs to stop a procedure if they observe a breach in sterile technique. We believe that assessing baseline skills of CCNs in sterile techniques during CVC and providing them with structured and standardized training is important and should precede empowering CCNs as such training will most likely enhance nurses' self confidence while increasing acceptance among physicians of the ability of CCNs to recognize deviations from standard sterile technique practices. Although we did not collect data regarding CCNs speaking up if a breach of sterile techniques was observed, we received feedback from ICU fellows, attending physicians, and CCNs that this practice is occurring commonly and consistently. We also observed that CCNs were more motivated to participate actively in these bedside procedures after their training in the use of sterile techniques during CVC was completed.
From prior investigations at our institution, we found that medical residents' performance in sterile techniques during insertion of central venous catheters own work combined with constructive feedback would therefore be a more advantageous means of education. This repetitive process with visual and verbal feedback most likely reinforces proper technique in an environment that traditional training is unable to accomplish.
In our study, we noted a significant reduction in the CRBSI rate in the CCU 12 months after the study's training intervention started. This reduction is likely to be attributed to our study intervention because the other interventions aimed at reducing CRBSI rates, including the implementation of a simulation-based training program to train physicians rotating through the CCU, were already in place before the study's training intervention.
Several potential limitations of our study deserve mention. First, we had the benefit of a dedicated simulation laboratory, which may not be available in other hospitals. However simulation-based training can be provided in less formal and costly settings with access to audiovisual equipment and mannequins. Second, as mentioned previously, our study was not randomized to compare different methods of teaching proper sterile techniques to CCNs. Third, although we were able to demonstrate a significant improvement in CCNs' performance in sterile techniques following simulation-based training, we did not assess skills retention in this study. Decay in knowledge or skills may occur over time. Fourth, the reduction in CRBSI rates observed in our study after training CCNs may have been affected by several other confounders including the after effect of training of residents in the use of sterile techniques during CVC 19 and the positive change in the overall attitude of CCU staff since the simulation-based training program was implemented, with possibly a more conscientious approach to sterility in performing such a procedure. However, because this intervention was the only one implemented in our CCU during the follow-up period, we believe that the reduction in incidence of CRBSIs is in large part due to training of our CCNs, and any behavioral change was a direct consequence of this study and similar simulation-based training implemented in the CCU in the follow-up period. Fifth, our intervention did not include training of CCNs to maintain central venous catheters after insertion.
In conclusion, simulation-based training of CCNs in sterile techniques during CVC should be considered as part of a comprehensive approach in the training of health care providers to prevent CRBSIs. Simulation-based training in CVC should be routinely used to reduce iatrogenic risk. 
